SUMMARY Regional cerebral blood flow (CBF), oxygen utilisation, fractional oxygen extraction (OER) and cerebral blood volume (CBV) were measured by positron emission tomography (PET) in 21 patients with occlusive carotid artery disease. In the same patients, measurements of cerebral CO2 reactivity were performed using the intravenous xenon-1 33 technique. A significant correlation was found in symptomatic hemispheres between the CBF/CBV ratio and CO2 reactivity. Four patients had significant increases in OER and this was associated with a reduction in CBF/CBV ratio implying exhaustion of haemodynamic reserve. CO2 reactivity was reduced below 1-5% mm Hg in all four cases with raised OER but only in two cases with normal OER. In patients with C02 reactivities above 1 5% mm Hg, OER was normal in all cases. It is concluded that measurements of CO2 reactivity provide a satisfactory method for assessing cerebral haemodynamic reserve.
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The international EC-IC bypass study recently showed that EC-IC bypass does not reduce the subsequent risk of stroke in patients with carotid artery occlusion.' The results of this well designed and conducted trial appear to provide convincing evidence against the further use of this procedure. Patients were selected for the study on the basis of clinical criteria and a description of the anatomy of the carotid arteries obtained by angiography.2 However, some commentators have pointed out that there remains a possibility that the operation might be successful in preventing stroke if a subgroup of patients with impaired cerebral haemodynamics could be identified. 3'4 A quantitative assessment of the haemodynamic compensatory responses to a fall in perfusion pressure can be obtained by the combined measurement of regional cerebral blood flow (CBF), cerebral blood volume (CBV) and fractional oxygen extraction (OER) with positron emission tomography (PET). "6 There is an increase in CBV (as autoregulatory vasodilatation occurs) and a subsequent decline in CBF (when the limit of autoregulation is reached), consequently the relationship between the two physiological parameters expressed by the CBF/CBV ratio is a sensitive index of haemodynamic reserve. This reasoning is supported by observations on the relationship between the CBF/CBV ratio and the OER. The latter increases when the CBF/CBV ratio falls below a critical threshold value which appears to indicate the limit of autoregulation and haemodynamic reserve. These measurements allow quantification of the degree of haemodynamic compromise in patients with occlusive carotid artery disease but their routine application is limited by the scarcity and expense of PET PET studies and measurements of CO2 reactivity were usually performed on the same day except in two patients where technical failures delayed the second investigation for I and 2 days. There was no significant difference in blood pressure between the two studies (paired t tests). Arterial PCO2 levels during the baseline xenon measurement (37 5 SD 2-6 mm Hg) were significantly lower than during the PET study (395, SD 3 3 mmHg; p < 001).
Because the two cerebral hemispheres are not haemodynamically independent, statistical analysis (using Student's t test) was confined to the hemisphere from which the patients' clinical symptoms had arisen or, in the case of the asymptomatic patients and the patients with symptoms of vertebrobasilar ischaemia, to the hemisphere with the greater degree of occlusive disease. Figure I shows the relationship between CBF/CBV ratio (measured with PET) and CO2 reactivity (measured with the xenon-133 intravenous injection method) for the symptomatic hemispheres of the 21 patients. There is a significant linear relationship between the two variables (r = 0 573; p < 0 01). fig 3) . However, there also seems to be a stepwise response, CBF/CBV ratios and CO2 reactivities below a critical value being associated with abnormal OERs (age-matched normal OER range in patients' age group in our laboratory 0 29-0-48). Herold, Brown, Frackowiak, Mansfield, Thomas, Marshall modynamic reserve and a decreased oxygen carriage reserve. CBF/CBV values in these four cases were below 7 0 (range 2-9-6 9). A stepwise increase in OER with diminishing CBF/CBV ratio was more strikingly demonstrated in a previous study from our laboratory which also included normal controls' though recalculation of the data also shows a significant linear relationship (r = 0-559, p < 0-001). The apparent linearity results from the relatively small number of patients with elevated OERs in both the current and the previous data set. Also, increases in OER are only slight to moderate, since major rises mainly occur in situations of acute ischaemia. '5 For CO2 reactivity, a cut-off point of 1.5%/mm Hg appeared to separate the severely compromised cases: of the six patients with CO2 reactivities below 1 5%/mmHg, four had elevated OERs. All patients with CO2 reactivities above 1.5%/mm Hg had normal OERs. Error estimation using the "leaving-one-out method"' 7 gives a misclassification rate of 14% for this threshold value in relation to definitely abnormal OERs. The point furthest on the left (CO2 reactivity -0 7%/mm Hg) represents a patient with a difference in OER of 0*04 between the two hemispheres (0.48 on occluded side, 0 44 on contralateral stenosed side). Such an asymmetry is very suggestive of impairment of oxygen carriage reserve on the occluded side, although the absolute value of OER still lay in the range found in normal subjects.
Results
The six patients with CO2 reactivities below 1 5%/mm Hg were amongst those with the most severe occlusive disease demonstrated angiographically; four had unilateral occlusion with a contralateral stenosis of more than 50%, one was the patient with bilateral occlusions and no previous EC-IC bypass surgery. None of the six patients was asymptomatic. Three had had previous stroke or TIA, two belonged to the group of patients with continuing symptoms and one had presented with symptoms of vertebrobasilar ischaemia. One of the patients with continuing symptoms and reduced CO2 reactivity was the patient with clinical features of a critical haemodynamic state.
Discussion
Previous studies of cerebral haemodynamics and oxygen metabolism using PET have shown that only a proportion of patients with occlusive carotid artery disease is haemodynamically compromised; in the majority of patients, cerebral blood flow is adequate for the tissue's metabolic demands though it may be reduced in absolute terms.5 18 In this study, almost 20% of patients had increased cerebral oxygen extraction fractions compensating for an inappropriately reduced blood supply. In agreement with a previous study,5 low CBF/CBV ratios in these patients suggested an exhausted cerebral circulatory reserve. Theoretically, patients with haemodynamic compromise who cannot be reliably distinguished clinically, should be identifiable. They may constitute a pathophysiologically homogeneous group of patients in which the effects of revascularising surgery could be assessed.
The measurement of regional OER can only be achieved by PET and hence is restricted to small numbers of patients. CBF/CBV ratios can be determined with single photon emitting isotopes and gamma scanning but quantification of these methods is difficult. The studies published to date have reported hemispheric ratios of radioactivity rather than absolute values of the physiological variables' 9 20 an approach which will overlook bilaterally compromised hemispheres.
Assessment of the capacity to increase cerebral blood flow in response to vasodilators such as carbon dioxide or acetazolamide is an alternative way of measuring cerebral circulatory reserve. 7-9 21 Such a ".physiological stress test" has several advantages.
The two separate measurements are made with one technique. The relevant information is a change of flow following an intervention, thus patients serve as their own controls. Problems inherent in the regional quantification of resting flow levels, such as "crosstalk" from the opposite hemisphere and "look through" of low flow areas, with the xenon washout methods, have relatively little effect on the measurement of CO2 reactivity.
Another approach for assessing cerebral vascular reserve uses transcranial Doppler to measure middle cerebral artery blood flow velocity and its response to hypercapnia.22 CO2 reactivity was found to be significantly lower in middle cerebral arteries above a carotid occlusion than in those above a patent carotid artery. A good correlation between CO2 reactivity measured by xenon-133 flow measurements and doppler middle cerebral artery flow velocity changes was shown. 23 Our study validates and confirms the usefulness of measuring CO2 reactivity to assess cerebral haemodynamic reserve. As expected from basic pathophysiological considerations, the capacity to vasodilate in response to inhaled CO2 decreased as blood volume rose in relation to the prevailing cerebral blood flow and a significant correlation was obtained between CO2 reactivity and CBF/CBV ratio.
The scatter around the line can be attributed to the use of three tracer techniques (C"502, "CO and '33Xe), four measurements and two different ways of analysis. However, more important seems the demonstration of a clear association between reduced CO2 reactivity and raised OER. All patients with impaired oxygen carriage reserve had a CO2 reactivity below a threshold value of 1 5%/mmHg. Only one patient with clearly normal OER had a CO2 reactivity below this threshold and all those with values above had appropriately normal OER. This is consistent with the finding of a previous study that the majority of patients with apparently haemodynamic transient ischaemic attacks had reactivity values of less than 1 5%/mm Hg.9
PET studies following extracranial-intracranial bypass surgery have demonstrated an increase in blood flow and a fall of preoperatively raised oxygen extraction ratios to normal levels in a small number of patients.1824-26 In one of these studies, the more frequent finding was that of a postoperative reduction in CBV and a rise in the CBF/CBV ratio26 suggesting improvement of haemodynamic reserve. Analogously, the CBF response to CO227 28 and acetazolamide2' has also been found to increase after bypass surgery although resting flow levels changed very little.
It now seems that adequate techniques for assessing cerebral haemodynamic reserve are available. In our study, as in others, the most haemodynamically compromised patients had the most severe angiographic findings, usually with bilateral pathology.29 According to the international EC-IC bypass study, these patients may also carry the highest risk of perioperative stroke.' Such patients should therefore only be subjected to surgery if a clear indication exists. The presence of impaired haemodynamic reserve may be such an indication. Whether improvements in circulatory reserve do indeed reduce the risk of subsequent stroke needs to be assessed by a controlled trial to which patients are recruited on the basis of physiological measurements.
